The effect of radiation, temperature, and vacuum (RTV) on piezoelectric wafer active sensors (PWASs) is discussed. This study is relevant for extending structural health monitoring (SHM) methods to space vehicle applications that are likely to be subjected to harsh environmental conditions such as extreme temperatures (hot and cold), cosmic radiation, and interplanetary vacuums. This study contains both theoretical and experimental investigations with the use of electromechanical impedance spectroscopy (EMIS). In the theoretical part, analytical models of circular PWAS resonators were used to derive analytical expressions for the temperature sensitivities of EMIS resonance and antiresonance behavior. Closed-form expressions for frequency and peak values at resonance and antiresonance were derived as functions of the coefficients of thermal expansion, a a a , , ;
Introduction
The motivation for this article is the need for transitioning structural health monitoring (SHM) methodology to spacevehicle applications. So far, SHM research has been focused on aeronautical applications, however, the need for SHM also exists in space-vehicle applications. Notwithstanding, the challenges posed by operating in the outer space are much greater than those posed by operating in the Earth's atmosphere. A space vehicle is subjected to large temperature excursions as it moves from the heat of direct sunlight to the coldness of Earth's penumbra. The space environment is also subject to cosmic rays that may impose significant radiation effects. In addition, everything in space is enclosed in an advanced vacuum, which may affect materials containing volatile compounds. For these reasons, the need exists for studying the effect of space-environment conditions on SHM systems.
State of the art
SHM can be performed in two main ways: (a) passive SHM; and (b) active SHM. Passive SHM is mainly concerned with measuring various operational parameters and inferring the state of structural health from the analysis of these parameters. For example, one could monitor the flight parameters of an aircraft (airspeed, air turbulence, g-factors, vibration levels, stresses in critical locations, etc) and then use the aircraft design algorithms to infer how much of the aircraft's useful life has been used up and how much is expected to remain. Passive SHM is useful, but it does not directly address the crux of the problem, (i.e., it does not directly examine if the structure has been damaged or not). In contrast, active SHM is concerned with directly assessing the state of structural health by trying to detect the presence and extent of structural damage. In this respect, the active SHM approach is similar with the approach taken in non-destructive evaluation methodologies, only that active SHM takes it one-step further: active SHM attempts to develop damage detection sensors that can be permanently installed on the structure and monitoring methods that can provide an on demand structural health bulletin.
1.1.1. Piezoelectric wafer active sensors (PWASs). PWASs are small, lightweight, inexpensive transducers that can be bonded onto the structural surface, can be mounted inside built-up structures, and can be even embedded between the structural and non-structural layers of a complete construction. Studies are also being performed on embedding PWAS between the structural layers of composite materials, though the associated issues of composites durability and damage tolerance has still to be overcome. PWAS transducers can serve several purposes [1] : (a) high-bandwidth strain sensors; (b) high-bandwidth wave exciters and receivers; (c) resonators; or (d) embedded modal sensors with the EMIS method. By application types, PWAS transducers can be used for (i) active sensing of far-field damage using pulse-echo, pitch-catch and phased-array methods, (ii) active sensing of near-field damage using high-frequency E/M impedance method and thickness-gage mode, and (iii) passive sensing of damage-generating events through detection of low-velocity impacts and acoustic emission at the tip of advancing cracks (figure 1). PWAS phased arrays permit broadside and offside cracks to be independently identified with scanning beams emitting from a central location. The main advantage of PWAS over conventional ultrasonic probes lies in their small size, lightweight design, low profile, and modest cost. In spite of their small size, PWAS have been shown to be able to replicate many of the functions performed by conventional ultrasonic probes such as pitch-catch, pulse-echo, phasedarrays, etc [1] .
1.1.2. Previous work 1.1.2.1. Temperature effects. Several previous studies have examined the effect of temperature on common piezoceramic materials and transducers. Hooker [2] studied the variation of piezoelectric properties with temperature in the range −150°C to +250°C for several PZT piezoceramic formulations. It was found that the basic piezoelectric constants vary monotonically away from the Curie temperature, but their behavior changes rapidly closer to the Curie temperature. For commonly used piezoceramics, the Curie temperature varies around 300°C. Beyond the Curie temperature, piezoceramics lose their piezoelectric properties. This means that a piezoelectric-based SHM system would lose its functionality at elevated temperatures beyond the Curie temperature. For practical applications, a stand-off distance below the Curie temperature must be considered and operation should be restricted to temperatures less than 175-200°C [3, 4] . The effect of temperature change on PWAS EMIS signature was studied in the 29-59°C range by Bastani et al [5] ; it was found that frequency and magnitude of the impedance real-part plots (ReZ) decreased monotonically with the increase in temperature. Similar effects were reported in the 25-100°C range by Baptista et al [6] .
Piezoceramics should remain functional at all temperatures below the Curie temperature, but their behavior may be affected by the cryogenic regime, as indicated by Hooker [2] . Paik et al [7] developed specialty piezoceramic formulations to operate at cryogenic temperatures. Qing et al [8] performed liquid nitrogen tests and showed that piezoelectric-sensorbased SHM systems can be operated satisfactory at −196°C cryogenic temperature.
An experimental study of PWAS performance at both cryogenic and elevated temperatures were conducted by Lin et al [9] . It was found that PWAS resonators maintain their operability at −196°C cryogenic temperature and regain their original behavior after return to room temperature. They also found that the PWAS resonators with Curie temperature of 330°C maintain their original behavior after exposure to elevated temperatures up to 200°C. Exposure to higher temperatures (e.g., 260°C) had a degrading effect on the behavior measured upon return to room temperature. The piezoelectric functionality was found to strongly degrade and then disappear completely after exposure to even greater temperatures (315°C and 370°C, respectively).
The temperature range expected in lower Earth orbit (LEO) could vary from −125°C to 150°C. Furthermore, the actual temperatures in the void space can be as low as −270°C. Despite these extreme temperatures, the previous studies [2] through [9] discussed above seem to indicate that conventional PZT material may be able to survive spaceoperation conditions.
Radiation effects.
In an early study, Broomfield [10] examined the effect of low-fluence neutron irradiation on silver-electrode piezoelectric ceramics and found that irradiation increased the thickness-mode resonant frequencies and decreased the elevated temperature electromechanical coupling. This effect was attributed to reduction in the piezoceramic polarization and changes in the bonding of the silver electrode.
More recently, Lin et al [11] performed irradiation exposure experiments on PWAS resonators. The absorbed dose ranged from 3 to 50 Mrad (30-500 kGy) where a Co-60 gamma source with a maximum dose rate of 2.5 Mrad h −1
(25 kGy h −1 ) was used. The absorbed dose rate was calculated to be approx. 1.55 MRad h −1 (15.5 kGy h −1 ) with exposure times of 2, 4, and 8 h. EMIS measurements were taken for in-plane and out-of-plane (thickness-mode) vibration. Free and wired PWAS resonators were used. This exploratory work showed that the PWAS survived well the irradiation and successfully maintained their functionality. Some changes in the EMIS spectrum were observed, especially for the wired PWAS resonators. These changes consisted in slight spectrum shifts towards higher frequencies and higher impedance values. It was also observed that irradiation decreased the electrical capacitance measured with a standard multimeter instrument. As suggested by Broomfield [10] , the observed effects were attributed to a change in the electrode bonding and a reduction in the polarization of the ceramic. An even more recent study of radiation effects on piezoelectric materials was presented by Parks and Tittmann in 2014 [12] . The study was done on piezoelectric singlecrystal aluminum nitride (AlN) that was considered as a possible candidate material for ultrasonic transducers used in nuclear reactors. The radiation tolerance of this piezoelectric material was demonstrated first through thermal neutron exposure and gamma irradiation. This radiation tolerance of aluminum nitride, coupled with its known temperature stability, makes it an ideal candidate for acoustic emission used in very harsh radiation/temperature conditions, which are typical of nuclear reactor applications.
Vacuum effects.
A cursory investigation of specialized literature revealed no references or studies of the vacuum effects on piezoceramics. This is not surprising since the ceramic itself is a stable compound unlikely to be affected by vacuum presence. (In contrast, piezopolymers may be affected by outgassing in vacuum; however, piezopolymers are considered in the present investigation.)
An interesting effect that might appear while exciting a piezoceramic at reduced environmental pressures would be that of glow discharge (corona effect) which could produce a shortening path between the electrodes in the 0.01-10 Torr pressure range. Since outer space vacuum is below 0.000 001 Torr, the corona discharge effect need not be of concern in this article.
About the present article
This article presents a combined theoretical-experimental approach to understanding the effects that radiation, temperature, and vacuum (RTV) have on the performance of PWAS transducers for potential transition of SHM methods to spacevehicle applications. Our approach is aligned with the need to Figure 1 . Use of piezoelectric wafer active sensors (PWAS) as traveling wave and standing wave transducers for damage detection in thinwall structures [1] . Reproduced with permission from Elsevier.
answer three questions: (a) can the PWAS transducers survive exposure to simulated space-environment conditions? (b) If they survive, how will their performance be affected? (c) If the performance is affected, what will be the sensitivity coefficients that could be considered in predicting the functionality of PWAS transducers under space-environment conditions?
The main investigative method used in our study is the EMIS. To keep the number of variables manageable, we focused this article on the PWAS transducer itself, i.e., we studied the behavior of a free PWAS resonator not attached to a structure. In this way, we can establish how the behavior of the transducer is affected by the simulated space environment.
The piezoelectric material discussed in this article is a commercially available lead zirconate (PZT) that is relatively inexpensive and hence widely used in active SHM studies. The properties of this soft PZT material are close to those of American Piezoceramics Corp. designation APC-850. Our choice of this soft piezoelectric material was based on (a) availability, (b) good wave-transmission capability; (c) reasonable wave-reception sensitivity, and (d) affordability. Admittedly, this soft PZT formulation would not be applicable for very harsh temperature-radiation conditions as found in a nuclear reactor but it seems that it might survive the relatively milder temperature-radiation conditions encountered in space vehicle applications.
The behavior of PWAS transducers adhesively attached to structural elements and the evaluation of their capability to detect structural damage under simulated space-environment conditions make the object of a separate communication and are not discussed here.
Theory
In this section, the theoretical model of the PWAS resonator will be briefly reviewed. Subsequently, the sensitivity of this model to various modeling parameters will be investigated. The study will be extended to include the dependence of certain modeling parameters on the environmental conditions of interest including (a) temperature, and (b) radiation exposure. (Vacuum effects will not be included in the model since, as shown in section 1.1.2, vacuum is unlikely to affect the piezoceramic behavior.) Finally, the conceptual conclusions drawn for a free PWAS resonator will be extended to the case of a constrained PWAS resonator, specifically the modeling of PWAS EMIS for a circular plate with a PWAS transducer attached in its center.
2.1. Theoretical model of a PWAS resonator; E/M impedance spectrum; resonance frequencies and peak amplitudes of the impedance real part Consider a circular PWAS transducer of radius a, and thickness t (figure 2). The PWAS is made of thicknesspolarized piezoelectric material while the top and bottom surfaces are covered with conducting electrodes. The PWAS is assumed to undergo in-plane expansion and contraction under the effect of an oscillating electric field, E , 3 applied to the top and bottom electrodes.
The electric field is produced through application of a harmonic voltage = w V t V e t i ( )ˆbetween the top and bottom electrodes. The resulting electric field is assumed uniform over the electrode's area. Because the electric field is uniform, the response will be assumed to be axially symmetric meaning that the circular piezoelectric wafer undergoes uniform radial and circumferential expansion. The motion is timeharmonic with an angular frequency, w. To keep notations simple, only the space dependency is considered, i.e., all dependent variables are assumed to be the complex amplitudes of their time oscillations (e.g., when we write u we actually mean u .
) The 'uniform electric field' assumption implies that the derivative with respect to q is zero (i.e., q ¶ ⋅ ¶ = / 0 ( ) ) and that the circumferential displacement is also zero (i.e., = q u 0).
2.1.1. Electromechanical admittance and impedance. Under these assumptions, the electromechanical (E/M) admittance and impedance of the PWAS resonator can be expressed as
where J z 0 ( ) and J z 1 ( ) are the Bessel functions of order 0 and 1, w is the angular frequency, and the other variables and parameters are described as follows. The full derivation of these relations is given in [1] and needs not be repeated here. Nonetheless, some clarifications about the meaning of the intervening variables and parameters are warranted. The parameter k p is the planar electromechanical coupling factor of the piezoelectric material given by where n is the 
The values of η and x are usually small (h x < , 5%). ( )ˆis swept over a given range, the PWAS resonator will encounter the resonance phenomenon at certain resonance frequencies. As indicated in [1] , the resonance frequencies correspond to strong electromechanical activity accompanied by large values of the electric current Iˆdrawn from the excitation source; in electrical terms, this situation is interpreted as admittance peaks given that = / Y I V.ˆTo simplify the analysis, let us consider for the moment a non-dissipative model of admittance and impedance that yields w w n n =´-
The condition for electromechanical resonance is obtained by studying the poles of Y, i.e., the values of z that make  ¥ Y . The poles of Y are roots of the denominator of equation (8), which is n --zJ z J z 1 . 
This equation is the same as the equation used to determine the mechanical resonance of circular plates undergoing axisymmetric in-plane vibration [13] . This is not surprising since the in-plane axisymmetric modes of vibration couple well with a uniform electric field excitation. Hence, the frequencies of electromechanical resonance correspond identically to the frequencies for axisymmetric in-plane mechanical resonance. Equation (10) is a transcendental equation and its roots are found numerically and the value of these roots changes if the Poisson ratio n changes. A typical Poisson ratio value for piezoelectric ceramics is = v 0.35; hence, equation (10) yields the roots (eigenvalues): Thickness wise induced-strain coefficient
In-plane induced-strain coefficient
Coupling factor, parallel to electric field 
Upon rearrangement of equation (13),
Hence, the antiresonance condition is
This equation is also transcendental and does not accept closed-form solutions; again, its solutions are found numerically and the value of these roots change if the Poisson ratio n changes. Using = v 0.35 from before, equation ( 
antiresonance frequencies . 18
Admittance and impedance spectra. The resonance and antiresonance behavior is best examined by studying the real parts of the admittance and impedance frequency spectra. Figure 3 presents the numerical simulation of admittance and impedance response for a circular PWAS resonator; figure 3(a) shows the overlapped plots of the real and imaginary parts of the admittance w Y ( ) and impedance w Z . ( ) Figure 3(b) shows the log-lin plot of the admittance and impedance real parts. From figure 3(a), one sees that the admittance and impedance real parts display peaks exactly at the locations where their imaginary parts display a zigzag behavior. These locations correspond to resonances and antiresonances, respectively. It is also apparent that the dominant response in the admittance imaginary part exhibits linear growth with frequency; examination of equation (1) indicates that, outside resonances, the admittance can be approximated with w C i . Similarly, equation (2) indicates that outside antiresonances, the impedance can be approximated with w C 1 i . Hence, it is more difficult to identify the resonance and antiresonance response in plots of the admittance and impedance imaginary parts than it is in plots of the real parts. For this reason, future discussion will be focused on examining only plots of the admittance and impedance real parts ('real spectra').
Sensitivity of the PWAS resonator model to modeling parameters
In this section, we will examine the sensitivity of the PWAS resonator model described by equations (1) and (2) to the modeling parameters. The study will be extended to include the dependence of these modeling parameters on the environmental conditions of interest including (a) temperature, and (b) radiation exposure. We will start with studying the sensitivity of the resonance and antiresonance frequencies and follow with the sensitivity of the peak amplitudes in the admittance and impedance spectra. 
( )
Note that equation (19) applies to any frequency w j but the index j has been omitted for the sake of clarity. Next, we examine how the increments dc , p dz, da depend on the basic material properties. Recall equation (5) and write it as
Taylor series expansion of equation (20) 
Equation (21) shows the sensitivity of the piezoelectric material planar wave speed c p to variation of the piezoelectric material properties r, s , E 11 and n. Next, we examine the sensitivity of the resonance eigenvalue z to variation of the piezoelectric material properties. Recall that z is a root of equation (10) which is a transcendental equation. Examination of equation (10) reveals that the only intervening material property is the Poisson ratio n; however, the dependence of z on n cannot be calculated explicitly because equation (10) is a transcendental equation. Hence, we write formally
where the sensitivity n z d d has to be determined numerically by calculating and plotting the transcendental roots z over a range of n values.
Finally, we examine the sensitivity of a with respect to the piezoelectric material properties. We notice that a is geometric dimension and hence the only piezoelectric material property that it might depend on would be the inplane coefficient of thermal expansion a ;
If expansion due to radiation exposure is also present, an additional term depending on the radiation dose should also be added to equation (23).
The last step in the process is to determine the sensitivity of the material properties to environmental conditions, i.e., (a) temperature, T , and (b) radiation exposure dose, D. We will start with the dependence on temperature, T , of the piezoelectric material planar wave speed, c .
p Examination of equation (21) reveals that the intervening piezoelectric material properties are r, s , E 11 n. The density r depends on temperature through the coefficients of thermal expansion a a a , , The temperature sensitivity of compliance s E 11 and Poisson ratio n are not readily expressible; hence we write (22), (23), (25) and (26) 
or dw a a a n n n n n a d
Equation (32) describes the relative temperature sensitivity of the resonance frequency, w, in terms of the modeling parameter's sensitivities. A similar expression may be derived for the radiation sensitivity.
Antiresonance frequency sensitivity to modeling
parameters. In order to discuss the antiresonance frequency sensitivity to modeling parameters, we notice that equations (17) and (12) are very similar and that the only difference between them is the selection of the appropriate eigenvalue 
Note that the subscript j was omitted in equation (35) for simplicity, but its presence is implied. For sensitivity analysis, we express the admittance from equation ( 
Taking the real part of equation (36) yields the resonance amplitude of the admittance real part, i.e.
Recall equations (4) and (7) and substitute into equation 
where C is the non-dissipative ideal capacitance, i.e. Since a and t are geometric dimensions, their thermal sensitivities are the corresponding coefficients of thermal expansion, (a , 1 a , 3 ) and hence
( )
The temperature sensitivity of the dielectric permittivity e T 33 is not readily available; hence, we write ( )
The temperature sensitivity of the electrical dissipation factor x is not readily available; hence, we write
The temperature sensitivity of the resonance function w F ( ) is too complicated to write explicitly; hence, we write
The implicit assumption made in equations (46)-(48) is that local linearization may be applied to obtain the temperature sensitivity coefficients e ¶ ¶T ,
However, the reader is cautioned that linearization may be a localized phenomenon and may not be applicable over a large range of parameter variation. 
Substitution of equations
Re Im 
( ) Equation (50) describes the temperature sensitivity of the admittance peak amplitude real parts in terms of the modeling parameters sensitivities. A similar expression may be derived for the radiation sensitivity.
Sensitivity of the impedance peak amplitudes to
modeling parameters. The sensitivity of the impedance peak amplitudes to modeling parameters can be examined in the same way as the sensitivity of the admittance peak amplitudes and, in the end, an equation similar to equation (50) can be developed. For the sake of brevity, this development will not be included here. and the sensitivities of resonance function real and imaginary parts,
. The above derivations did not explicitly deduce the sensitivities with respect to radiation exposure. This was not done because the authors assume that similar relations between the radiation and the material parameters exist as in the case of temperature sensitivities. Also, of course, the assumptions of local linearization of an implicitly nonlinear phenomenon also applies to radiation sensitivities as they apply to temperature sensitivities.
However, most of these sensitivities are unknown at present; hence, it is hard to predict the overall sensitivity of the variables of interest including resonance and antiresonance frequencies and spectral peak amplitudes. An extensive study is warranted, though not available at present, to determine these sensitivities experimentally. Nonetheless, the experimental results presented in the second part of this article will cast some light on the PWAS spectral and resonance behavior under temperature and radiation exposure.
Extension to the PWAS EMIS of a circular aluminum plate
When a PWAS transducer is applied to a structure, its EMIS response changes drastically from the response of free PWAS resonator. The E/M admittance and impedance curves will still show resonance peaks, but these resonances will be those of the structure and not of the PWAS since the PWAS is constrained by the structure and its oscillation follows the dynamic response of the structure. For the case of a circular PWAS transducer bonded to the center of a circular plate, [1] provides the following E/M admittance and impedance formulae
The frequency dependent complex stiffness ratio c w ( ) that appears in equations (51) and (52) is given by
where k PWAS is the complex PWAS stiffness given by n = -k t as 1 complex PWAS stiffness , 54 
Note that the dynamic structural stiffness k str is a complex variable. The variables U j u and W j w are the modeshapes for axial and flexural axisymmetric vibration of the circular plate. The summations for U j u and W j w in equation (55) go from N u low to N u high and from N w low to N , w high respectively, which are the lower and higher axial and flexural mode numbers that bracket the frequency range of interest. Detailed expression of the plate modeshapes and natural frequencies are given in [1] and will not be repeated here for the sake of brevity. What is remarkable is that the resonances of the E/M admittance and impedance spectra of the PWAS transducer bonded to the structure overlap almost exactly over the mechanical resonances of the plate as depicted in the frequency response function. This overlap is clearly indicated in figure 4 . Hence, in the case of a PWAS bonded to a structure, the study of sensitivities should take into account not only the sensitivity of the PWAS material parameters but also the sensitivity of the structural parameters on which the PWAS transducer is attached and of which resonance behavior the PWAS measures.
Experiments
Experiments were performed in order to subject the PWAS specimens to several environmental stress factors such as: (a) extreme hot and cold temperatures; (b) irradiation; and (c) advanced vacuum.
Experimental specimens
The experimental specimens considered in this study were circular PWAS-WL ('wire-lead') transducers. This PWAS type has the bottom electrode wrapped around to the top such that the solder connection is only on the upper side of the PWAS ( figure 5 ). Though convenient for installation, the arrangement of the electrodes imparts a certain asymmetry which may affect the vibration modes of the free PWAS. The PWAS-WL transducers were purchased from the STEMINC Company (http://www.steminc.com/), model number SMD07T02S412WL. No data was available from the supplier about the PWAS behavior under harsh environmental conditions as considered in our research. were achieved by using tritium manifold, a high vacuum installation (figure 7), containing a TSH-171E Pfeiffer high vacuum pump with -10 Pa 11 pressure limit and TPG 262 Pfeiffer pressure vacuum controllers.
3.2.3. Radiation exposure. The cosmic radiation was simulated with γ-radiation fields emitted by 60-Co radioactive sources. The experiments were conducted in a gamma irradiation chamber 5000 (BRIT India http://www. britatom.gov.in/index.html) ( figure 8(a) ), which is a compact self-shielded cobalt-60 gamma irradiator providing an irradiation volume of approximately 5000 c.c.. The material for irradiation is placed in an irradiation chamber located in the vertical drawer inside the lead flask. This drawer can be moved up and down with the help of a system of motorized drivers which enables precise positioning of the irradiation chamber at the center of the radiation field that is provided by a set of stationary Co-60 sources placed in a cylindrical cage. The sources are doubly encapsulated in corrosion resistant stainless steel pencils. A mechanism for rotating/stirring samples during irradiation is also incorporated. The lead shield provided around the source is adequate to keep the external radiation field well within permissible limits.
The desired irradiation doses were calculated using the following literature data: (a) full dose estimated for a mission to Mars (for a period of minimum solar activity) is 110 mGy yr −1 average, thus a dose rate of about 15 μGy h −1 ; and (b) the largest fully absorbed doses determined by Pioneer 10 and 11 space probes during the entire flight and the crossing of high risk areas were 15 and 4.3 kGy, respectively. Therefore, the dose rate determined by Gamma irradiation Chamber 5000 was considered to be representative. The absorbed dose was set at full 23.5 kGy, which corresponds to 5 h of exposure at the measured dose rate of 4.7 kGy h −1 . Given special test conditions (the size of the Gamma chamber 5000, the need for vacuum pressurization and thermal insulation, etc), an irradiation enclosure ( figure 8(a) ) was designed and built to accommodate the dewar vessel with PWAS specimens ( figure 8(b) ).
EMIS measurements
The EMIS was performed with an HP 4194A impedance analyzer ( figure 6(e) ) to measure the EMIS signatures of the free PWAS. When connected to a free PWAS, the EMIS equipment applies a continuous sinusoidal electrical signal of fixed frequency and measures the amplitude ratio between the voltage and the current as well as the phase shift, thus obtaining the complex impedance at a given frequency. The impedance analyzer can give the real and imaginary parts of the impedance, or alternatively, the magnitude and phase. By sweeping a preset range of frequencies, one obtains the EMIS signature of the analyzed specimen. During the EMIS tests, the free PWAS specimens were placed in a free hanging position such as to vibrate freely and avoid unwanted boundary condition effects. 
Experimental results
Initial experiments were conducted to explore if the PWAS transducers would be affected by harsh RTV conditions that are foreseen in the space-environment. Further experiments were conducted to determine the temperature sensitivities of the PWAS resonance and antiresonance frequencies.
RTV exposure results
Nine PWAS transducers (#200 through 209) were subjected to RTV exposure experiments. The first objective of these experiments was to determine if the PWAS transducers can survive the RTV exposure. If the PWAS can survive the RTV exposure, then these experiments would also pursue a second objective. The second objective of these experiments was that is to evaluate the changes that the RTV exposure introduced in the EMIS signature. Hence, EMIS signatures were taken before and after the exposure and the EMIS spectra were examined to identify changes in their characteristics. Table 2 presents an overview of these RTV experiments. As indicated in table 2, five exposures were performed (test cycles no. 1 through no. 5). All test cycles except no. 4 consisted of three steps:
(1) ½ h irradiation simultaneous with cryogenic temperature (-196°C) and high vacuum. The cryogenic temperature was obtained through immersion in liquid nitrogen. (2) 1 h irradiation at room temperature and pressure conditions. (3) ½ h irradiation simultaneous with elevated temperature (+100°C) and high vacuum.
Test cycle no. 4 was different; it consisted of 1 h irradiation simultaneous with high vacuum at room temperature.
As indicated in table 2, EMIS measurements were taken initially (RTV-0) and after each test cycle (RTV-1 through RTV-5). The EMIS frequency range was 200-400 kHz which encompasses the first resonance and antiresonance frequencies of the free PWAS which were approx. 305 and 345 kHz, respectively.
The measured EMIS signatures were plotted and interpreted. Here, we discuss the results for PWAS-200. The results for the other PWAS samples were similar.
The admittance and impedance plots for PWAS-200 are presented in figures 9 and 10 with both full-range and narrowband plots presented. The full-range plots are in the full measured range of 200-400 kHz while the narrow-band plots are centered around 305 kHz for admittance and around 345 kHz for impedance. As shown in figures 9(a) and 10(a), the full-range plots indicated that the general shape and position of the resonance and antiresonance peaks are preserved and that the effect of the RTV exposure is only slight.
A zoomed-in view of the resonance and antiresonance peaks is presented in the narrow-band plots of figures 9(b) and 10(b), respectively. The actual values, frequencies, and amplitudes at the peaks are given in table 3. Plots of these values are given in figure 11 .
Examination of figure 11 indicates that no clear trend can be established about the effect of RTV exposure on these parameters. (Quadratic trend lines were tentatively drawn in figure 11 , however they are only qualitative because the RTV effects in these experiments were overlapped.) Also given in table 3 are statistical measures of the mean and the standard deviation. Examination of table 3 indicates that the changes in resonance and antiresonance frequencies are very small (0.25% and 0.49%, respectively), however, the changes in resonance and antiresonance amplitudes are larger (16.4% and 13.7%, respectively). The conclusions of this set of experiments are:
• PWAS transducers can survive RTV exposure of simulated space-environment RTV conditions and can maintain their functionality after several cycles of RTV exposure.
• The resonance and antiresonance frequencies of PWAS transducers are only slightly affected by exposure to simulated space-environment RTV conditions. Typical frequency changes due to the presence of small cracks/ flaws are of the order of 5%-10% ( [1] , page 878, table 15.3 data). Hence, an SHM method based on tracking damage-induced changes in the resonance and antiresonance frequencies will not likely be affected by exposure to the harsh space-environment conditions. • However, the use of an SHM method based on tracking the peak amplitudes would not be recommended because these values are more strongly influenced by the harsh space-environment conditions.
After determining that the PWAS transducers can survive the RTV exposure, we performed experiments to try to determine the sensitivity of PWAS transducer to such harsh environmental exposure as discussed in the next section.
Determination of temperature sensitivities
The next step in our investigation was an attempt to measure the sensitivities defined by equations (33) and (50). In order to do this, we separated the RTV exposure in its fundamental components: (a) radiation, R; (b) temperature, T; and (c) vacuum, V. We then attempted to vary only one of these environmental parameters and measure the effect of this variation on the resonance and antiresonance behavior of the PWAS transducers.
Of the three RTV environmental parameters, the temperature is the one that can be more readily varied in a controlled manner without too stringent safety requirements.
Hence, our sensitivity experiments were performed by varying the temperature under atmospheric pressure and nonradiation conditions.
In the temperature sensitivity experiments, five PWAS transducers (# 321 through 325) were subjected to increased temperature using a Binder FD 115 controlled temperature oven. The EMIS measurements were taken after the temperature reached steady state at the following values: 25°C, 50°C, 75°C, 100°C, 125°C, 150°C, 175°C, 200°C. The measured EMIS data for PWAS 321 is given in figure 12 (admittance) and figure 13 (impedance) where both full-range and narrow band plots are presented. The full-range plots are in the full measured range of 200-400 kHz while the narrowband plots are centered around 310 kHz for admittance and around 340 kHz for impedance.
As shown in figures 12(a) and 13(a), the full-range plots indicated that the general shape and position of the resonance and antiresonance peaks are preserved. The effect of exposure to increasing temperature seems to be a shift in the resonance and antiresonance frequencies and modification of the corresponding peaks.
A zoomed-in view of the resonance and antiresonance peaks is presented in the narrow-band plots of figures 12(b) and 13(b), respectively. The actual values, frequencies and amplitudes at the peak, are given in table 4. Plots of these values are given in figure 14. (The data point at 100°C was excluded from these plots because it displayed outlier behavior.)
Examination of figures 14(c) and (d) indicates a linear trend. The linear trend was confirmed by a high R value (0.9647 for antiresonance frequency and 0.9357 for impedance amplitude at antiresonance). The linear tendency is for the antiresonance frequency and ReZ amplitude to decrease as temperature increases. The coefficients of these linear trends were used to calculate the physical sensitivities of the antiresonance frequency and the antiresonance peak ReZ. Division of the physical sensitivities by the mean values of the respective quantities yielded the relative sensitivities.
Examination of figures 14(a) and (b) indicates a quadratic trend in the admittance behavior at the resonance frequency. The resonance frequency seems to decrease at first, after which it starts to increase at an accelerating rate ( figure 14(a) ). The admittance amplitude ReY seems to increase at first and then flattens out and starts to decrease ( figure 14(b) ).
Also given in resonance frequency among the six PWAS resonators and the six RTV exposure cases is only 0.27%. Similarly, examination of This indicates that the resonance and antiresonance amplitudes are more strongly affected by the temperature exposure. This statistics-based conclusion is also consistent with the conclusion presented for a single PWAS resonator in section 4.2. An overlap of all the RTV data is given in figure 15 whereas an overlap of the temperature-only data is given in figure 16 . It is apparent that some common trends may exist, but they are not immediately quantifiable. A complete ANOVA analysis of the data would be required for a complete statistical analysis, but this is beyond the scope of this article and will not be attempted here.
Summary and conclusions
This study has discussed the effect of RTV on PWAS. The motivation for this study is the intention to extend SHM methods to space vehicle applications. The harsh space environment conditions encompass extreme temperatures (hot and cold), cosmic radiation, and interplanetary vacuum. The investigative method used in this study was the EMIS and the present study contains both theoretical and experimental investigations.
Summary
The theoretical part of this study treated the modeling of circular PWAS transducers. Two boundary conditions were considered: (a) free PWAS transducers acting as resonators; and (b) PWAS transducers attached to structure and acting as high-frequency modal sensors of the local vibration in their structural neighborhood. The theoretical model of a PWAS resonator was used to predict the resonance and antiresonance behavior. The resonance condition was identified by a peak in the admittance real part spectrum (ReY) whereas the antiresonance condition was identified by a peak in the impedance real part spectrum (ReZ). Closed-form analytical solutions were used for admittance w Y ( ) and impedance as well as to determine the admittance and impedance of a PWAS transducer mounted in the center of a circular disc aluminum structure. ) was similarly derived. The temperature sensitivity of the admittance and impedance peaks was also considered.
The experimental part of this study examined behavior of PWAS transducers when subjected to RTV that simulates the conditions that might be encountered on a space vehicle. Two sets of experiments are described; the first set of experiments examined if the PWAS transducers would be affected by harsh RTV conditions met in the space environment while the second set of experiments attempted to determine the temperature sensitivities of the PWAS resonance and antiresonance frequencies.
In the first set of experiments, PWAS transducers were subjected to several cycles of RTV conditions inside an irradiation chamber. Both elevated temperatures (+100°C) and cryogenic temperatures (−196°C) were applied. The maximum cumulative absorbed radiation dose was 23.5 kGy. EMIS measurements were taken before and after each RTV cycle. Examination of these EMIS measurements revealed that the PWAS transducers survived well even with repeated RTV exposures and remained functional throughout. Examination of EMIS data indicated that the resonance and antiresonance frequencies changed by less than 1% due to RTV exposure whereas the resonance and antiresonance amplitudes changed by around 15%.
In the second set of experiments, PWAS transducers were subjected to eight increasing temperatures in the 25°C-200°C range. EMIS measurements were taken at each temperature after stabilization. Processing of the EMIS data determined that the relative temperature sensitivity of the antiresonance frequency f f AR AR is approximately´ -63. 1 10 C 6 and the relative temperature sensitivity of the antiresonance amplitude ReZ is approximately´ -3.31 10 C 3 . 
